1. Introduction {#s0005}
===============

Electromagnetic fields (EMF) have a major impact on biological systems ([@b0095], [@b0005], [@b0075]) including human health ([@b0065], [@b0010], [@b0125]). Recently, microorganisms are being exposed to radiofrequency and microwaves radiation signals from several sources ([@b0025]). Some studies were showed to confirm the effects of electromagnetic radiation (EMR) on functions of cell ([@b0090]). Studies on the effect of magnetic fields on prokaryotes have recently increased significantly, including studies on the effects of static magnetic fields, short frequency electromagnetic fields and pulsed electromagnetic fields. [@b0070] for example, detected a decrease in colony forming units of *E. coli*, *S. aureus* and *L. adecarboxylata* at 50 Hz, 10 mT (particularly short frequency electromagnetic fields), while [@b0120] reported that exposure of *E. coli* to extremely low frequency electromagnetic fields for 0--24 h for 0 -- 24 h decreased the viability and growth rate of this bacterium when subjected to 50 Hz. Static magnetic fields have also been shown to inhibit bacterial growth ([@b0040], [@b0060], [@b0100], [@b0130]).

[@b0035] studied the genetic effect of electromagnetic fields (EMF) on DNA when exposed to 50 Hz, DNA fingerprinting revealed no obvious differences among the DNA patterns at each conditions of study. [@b0115] determined the effect of particularly short frequency electromagnetic fields (EL-FEMF) on antibiotic sensitivity and growth rate in *P. aeruginosa* and *E. coli*. Electromagnetic field (EMF) exposure significantly affected the growth rate of *P. aeruginosa* and *E. coli* when incubated with sub-inhibitory concentrations of kanamycin (1 μg/mL) and amikacin (0.5 μg/mL), individually. The potential of a synergistic and/or antagonistic impact on bacteria of antibiotics and exposure to electromagnetic fields deserves special attention because of the increased incidence of antibiotics resistance ([@b0020], [@b0080]).

The aim of the present study was to determine the effect of electromagnetic fields (900 and 1800 MHz), i.e. the frequency produced by mobile phones on the growth and antibiotic sensitivity of a variety of bacteria.

2. Materials and methods {#s0010}
========================

2.1. Exposure to electromagnetic fields {#s0015}
---------------------------------------

All bacteria were exposed to electromagnetic radiation using a mobile handset (Nokia). A dummy voice call was established between Radio Communication Tester CMU 200 by Rhode and Schwarz and the mobile handset ([Fig. 1](#f0005){ref-type="fig"}), with CMU 200 acting as a base station emulator. Bacteria were placed in close proximity to this source of electromagnetic radiation at frequencies of 900 MHz and 1800 MHz for two hours.Fig. 1CMU 200 generator used to generate the frequencies of electromagnetic radiation.

2.2. Bacteria used {#s0020}
------------------

The three bacteria used in these studies, *Staphylococcus aureus* (ATCC 29213), *Staphylococcus epidermidis* (ATCC 25923), and *Pseudomonas aeruginosa* (ATCC 27853) were obtained from the Microbiology Laboratory of the College of Medicine, King Khalid University Hospital, Riyadh, Saudi Arabia.

2.3. Molecular method {#s0025}
---------------------

### 2.3.1. Isolation and purification of DNA {#s0030}

The chromosomal DNA of both exposed and unexposed bacteria was extracted using QIAamp® DNA mini kit (QIAGEN, Italy) according to the method of [@b0045]. The quality of the isolated bacterial DNA was then quantified by a NanoDrop 8000 a muti-sample micro-volume UV--Vis spectrophotometer (Thermo Fisher Scientific, USA).

### 2.3.2. Repetitive sequence-based PCR (Rep-PCR) {#s0035}

Repetitive sequence-based PCR (Rep-PCR) was carried out using the primers REP1R (5′-III ICG ICG ICA TCI GGC-3′) and REP2I (5′-ICG ICT TAT CIG GCC TAC-3′) ([@b0015]). The amplifications were carried out in PCR mixture containing (25 μl): DMSO, 5X Gauthier buffer, Go Taq® Green Master Mix ready-to-use solutions (GoTaq® DNA Polymerase, MgCl~2~, dNTPs, and reaction buffers at appropriate concentrations for active amplification, Promega, USA), primers of Rep-PCR reaction, and DNA template. GoTaq® contained two dyes (yellow and blue) that allow watching of progress through electrophoresis. Amplifications of PCR were carried out in a ProFlex™ PCR System (ThermoFisher Scientific, USA) with an initial denaturation step (95 °C, 2 min) followed by 30 cycles of denaturation (94 °C for 30 s and 92 °C for 30 s), annealing (40 °C for 1 min) and extension (65 °C for 8 min), and a single final extension step (65 °C for 8 min). The Rep--PCR fragments were divided using 1.5% agarose gels electrophoresis (3 V cm^−1^), which was carried out in 1xTAE electrophorests buffer. Computer-image analysis of photographs of the ethidium bromide-stained agarose gels was carried out by the gel analysis system (Ingenius Syngene Bio Inaging, Syngene, Cambridge, UK). Photographs were taken by the visual imaging system, and the images were saved. The patterns of DNA were standardized by the 1 Kilo base pair (kbp) marker lanes in gel, and the saved images were scanned in the 2.0--0.1-kbp range.

2.4. Bacterial growth assay {#s0040}
---------------------------

The bacteria were separately inoculated into Nutrient Broth (Oxoid) and incubated at 37 °C overnight according to the method of [@b0110]. The cultures were then re-inoculated onto fresh Nutrient Broth and incubated for an additional 18 h to produce late logarithmic phase cultures. The bacteria were then sub-cultured in 100 ml fresh Nutrient Broth and the optical density was adjusted to 0.1 (OD) at 600 nm to obtain 1 × 10^6^ colony-forming units (CFU) per ml. One set of flasks was exposed to the magnetic field generator while another, non-exposed set, acted a controls. Bacterial growth rate following exposure to EMF application (CMU 200 Generator) for two hours was determined using optical density measurements (600 nm) (Biowave, CO8000); all measurements were made on three separate aliquots.

2.5. Sensitivity to antibiotics {#s0045}
-------------------------------

The sensitivity of EMF exposed bacteria to antibiotics was evaluated using the antibiotics amoxicillin (30 µg), azithromycin (15 µg) chloramphenicol (10 µg) and ciprofloxacin (5 µg) (Oxoid) and employing disc diffusion test.

### 2.5.1. Disc diffusion test {#s0050}

The disc diffusion method was used for determining the susceptibility of bacteria to antibiotics following exposure to electromagnetic fields using standard methods as described by the Clinical and Laboratory Standards Institute ([@b0050]).

2.6. Statistical analysis {#s0055}
-------------------------

Data were presented as mean ± standard deviation of three separate experiments. The data was then exposed to one-way ANOVA and Dunnett\' test with Graphpad InStat software in order to determine statistical significance at p \< 0.05.

3. Results and discussion {#s0060}
=========================

3.1. Bacterial DNA analysis {#s0065}
---------------------------

The effect of exposure to HF-EMF at radio frequencies of 900 MHz and 1800 MHz on chromosomal DNA of *S. aureus*, *S. epidermidis* and *P. aeruginosa* was determined by Rep-PCR analysis to estimate the presence of a noticeable variation induced in DNA structure. Bacterial DNA patterns obtained after agarose gel electrophoresis did not show any differentiation between those *S. aureus* and *S. epidermidis* exposed to 900 and 1800 MHz and the controls ([Fig. 2](#f0010){ref-type="fig"}). Three DNA band patterns were observed on gel electrophoreses for *S. aureus* and *S. epidermidis* with amplicon sizes ranging from 100 to1650 bp. Results obtained for *P. aeruginosa* on the other hand showed differences between the control and following exposure to 900 MHz and 1800 MHz radiation with more band appearing following exposure to 900 and 1800 MHz in comparison with control. Seven patterns were noted on gel electrophoreses for those bacteria exposed to 900 MHz and 1800 MHz with amplicon sizes ranging from 100 to 1000 bp, while three patterns with amplicon sizes ranging from 100 to 1650 bp were recorded for the controls. Similar results of unvaried electrophoretic patterns between *E. coli* XL-1 control cells and those which were exposed to high static magnetic field (HSMF) in *in vivo* experiments using random amplified polymorphic DNA (RAPD-PCR) were reported by [@b0105], who, when recording DNA changes during studies on the stability of the genome in *in vitro* assays, found that exposure to magnetic fields radiation can induce DNA alterations normalized in organisms with cellular protective responses. [@b0035] also, studied the effects of exposure to (LF-EMF) at 50 Hz on *E. coli* DNA using amplified fragment length polymorphism (AFLP) technique. However, their results did not reveal any remarkable differences between the DNA patterns for each studied condition.Fig. 2Typical Rep-PCR fingerprints of bacteria exposed to electromagnetic field, lane (1) *S. aureus* unexposed-control, lane (2) *S. aureus* exposed to 900 MHz, lane (3) *S. aureus* exposed to 1800 MHz, lane (4) *S. epidermidis* unexposed-control, lane (5) *S. epidermidis* exposed to 900 MHz, lane (6) *S. epidermidis* exposed to 1800 MHz, lane (7) *P. aeruginosa* unexposed control, lane (8) *P. aeruginosa* exposed to 900 MHz, lane (9) *P. aeruginosa* exposed to 1800 MHz and lane (M) contains a 1-Kb molecular weight DNA ladder (Promega).

The results obtained in this study using *S. aureus* and *S. epidermidis* are in agreement with those results of the abive mentioned earlier studies, although the results for DNA patterns recorded for *P. aeruginosa* differed from the reported studies. This difference may be attributed to the techniques used in the present study compared to different techniques and bacteria employed in previous studies.

3.2. Effect of EMF on bacterial growth {#s0070}
--------------------------------------

The two gram-positive and one-gram negative bacteria used here were exposed to 900 and 1800 MHz, with growth rates being determined following exposure for 2 h. With the exception of a significant decrease after 12 h exposure to 900 MHz, no significant effects on the growth of *S. aureus* were seen following exposure to 900 and 1800 MHz ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}), similarly, no significant differences in the growth of *S. epidermidis* was seen following such exposure ([Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}). In contrast, the growth of *P. aeruginosa* was significantly reduced following exposure for 10 and 12 h to 900 MHz while, no significant reduction in growth followed exposure to 1800 MHz ([Fig. 7](#f0035){ref-type="fig"}, [Fig. 8](#f0040){ref-type="fig"}).Fig. 3Effect of EMF (900 MHz) on the growth rate of *Staphylococcus aureus*. Means ± SD from 3 different experiments.Fig. 4Effect of EMF (1800 MHz) on the growth rate of *Staphylococcus aureus*. Means ± SD from 3 different experiments.Fig. 5Effect of EMF (900 MHz) on the growth rate of *Staphylococcus epidermidis* Means ± SD from 3 different experiments.Fig. 6Effect of EMF (1800 MHz) on the growth rate of *Staphylococcus epidermidis* Means ± SD from 3 different experiments.Fig. 7Effect of EMF (900 MHz) on the growth rate of *Pseudomonas aeruginosa*. Means ± SD from 3 different experiments.Fig. 8Effect of EMF (1800 MHz) on the growth rate of *Pseudomonas aeruginosa*. Means ± SD from 3 different experiments.

The experiments conducted here differ from others reported in the literature in that a 2 h exposure was used compared to previous studies where radiation exposure was conducted over the entire incubation period. [@b0120], [@b0070], and [@b0060] concluded that the inhibitory effects on bacterial growth increased with length of exposure. [@b0060] applied extremely low frequency-electromagnetic field (ELF-EMF) for 6 and 16 h to *E. coli* and obtained findings which differ from ours, suggesting that the field result is maximal in the first hours and then decreases, thereby indicating an adaptive response of the showing cells to magnetic field stress. Such an adaptive response can be due to an increase of heat shock proteins; [@b0055] for example, showed an increase in DnaK and GroEL in *E. coli* when exposed 50 Hz, 1 mT. The decrease in growth rate can also be associated with morphological changes, or by metabolic alterations triggered by exposure to magnetic fields. [@b0085] also observed an increased level of reactive oxygen species prompted by ELF25-EMF, which may have affected macromolecular synthesis and caused protein injury ([@b0030]) and thereby lead to a decrease in bacterial growth rate.

3.3. Effect of EMF on the sensitivity of bacteria to antibiotics {#s0075}
----------------------------------------------------------------

The results generally show that exposure to 900 MHz and 1800 MHz radiation did not produce any significant effect on the size of the inhibition zone produced when using the various antibiotics studied. ([Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"}). An exception was provided in the case of amoxicillin (30 µg) against *Staphylococcus aureus*, where inhibition-zone values following exposure to 900 MHz and 1800 MHz) were significantly different form the control ([Table 1](#t0005){ref-type="table"}). The results are in agreement with those of [@b0115] who tested *P. aeruginosa* and *E. coli* for their sensitivity to antibiotics in the presence of extremely low frequency (ELF-EMF). They similarly found no significant changes in values of minimum inhibitory concentration (MIC) for treated cells and untreated with ELF-EMF and they concluded that such exposure had no significant effect on the sensitivity of *P. aeruginosa* and *E. coli* to antibiotics.Table 1Inhibition zone values (mm) for *Staphylococcus aureus* when not exposed (control) and following exposure to EMF (900 and 1800 MHz).AntibioticsControlExpose 900 MHzExpose 1800 MHzChloramphenicol (10 µg)18.66^a^[\*](#tblfn1){ref-type="table-fn"} ± 1.1518.33^a^ ± 0.5719.33^a^ ± 0.57Ciprofloxacin (5 µg)28.33^a^ ± 0.5728^a^ ± 0.028.33^a^ ± 0.57Amoxicillin (30 µg)31.33^b^ ± 1.1533.66^a^ ± 0.5732.33^a^ ± 0.57Azithromycin (15 µg)24.33^a^ ± 1.1524.33^a^ ± 0.5724.33^a^ ± 0.57[^1]Table 2Inhibition zone values (mm) for *Staphylococcus epidermidis* when not exposed (control) and following exposure to EMF (900 and 1800 MHZ).AntibioticsControlExpose 900 MHzExpose 1800 MHzChloramphenicol (10 µg)25^a^[\*](#tblfn2){ref-type="table-fn"} ± 0.024.33^a^ ± 0.5724.66^a^ ± 0.57Ciprofloxacin (5 µg)14.33^a^ ± 0.5714.66^a^ ± 0.5714^a^ ± 0.0Amoxicillin (30 µg)14.66^a^ ± 0.5715.66^a^ ± 0.5715.33^a^ ± 0.57Azithromycin (15 µg)------[^2]Table 3Inhibition zone values (mm) for *Pseudomonas aeruginosa* when not exposed (control) and following exposure to EMF (900 and 1800 MHZ).AntibioticsControlExpose 900 MHzExpose 1800 MHzChloramphenicol (10 µg)------Ciprofloxacin (5 µg)30^a^[\*](#tblfn3){ref-type="table-fn"}±1.029.33^a^ ± 0.5730^a^ ± 0.0Amoxicillin (30 µg)------Azithromycin (15 µg)20.66^a^ ± 1.1522^a^ ± 0.020.33^a^ ± 0.57[^3]

4. Conclusion {#s0080}
=============

In this study, pathogenic bacteria were exposed to EMF at 900 MHz and 1800 MHz and the effects on DNA, growth rate, and antibiotic sensitivity of bacteria was determined. The DNA of *S. aureus* and *S. epidermidis* did not differ from the control when exposed to 900 and 1800 MHz, while *P. aeruginosa* showed differences in this criterion following such exposure. Fionally, radiation exposure at a frequency of 900 MHz and 1800 MHz generally had no significant effect on bacterial growth rates, except in the case of *S. aureus*, treated with amoxicillin.
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[^1]: Each value is the mean ± SD. Means with different letters in each row are significantly different (P \< 0.05).

[^2]: Each value is the mean ± SD. Means with different letters in each row are significantly different (P \< 0.05).

[^3]: Each value is the mean ± SD. Means with different letters in each row are significantly different (P \< 0.05).
